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Abs t rac t  

As  a demonstrat ion o f  t he  usefu lness o f  t he  
NES-sponsored t i m e  s i g n a l s  from two U.S. weather 
s a t e l l i t e s ,  NBS designed and b u i l t  a " S a t e l l i t e -  
C o n t r o l l e d  Clock." The i n i t i a l  design used random 
l o g i c  r e q u i r i n g  n e a r l y  80 packages of TTL l o g i c .  
Wirl- t he  advent o f  microproceisors,  t he  c l o c k  was 
redesigned us ing a four  b i t  microprocessor and a 
s c i e n t i f i c  c a l c u l a t o r  ch ip.  

Today, conmerical vers ions of t he  NBS-designed 
c l o c k  a r e  a v a i l a b l e  and a re  f i n d i n g  use i n  the  
e l e c t r i c  po*er i ndus t r y ,  r a d i o  and t e l e v i s i o n  
broJdcast ing,  defense, communications, and geo- 
physic31 moni tor ing.  

The e v o l u t i o n  o f  t he  s a t e l l i t e - c o n t r o l l e d  
c l o c k  from random l o g i c  t o  commercial products  
us in2 e i g h t  b i t  microprocessors a re  discussed i n  
s o w  d e t a i l .  

I n t r o d u c t i E  

I n  Hay 1974, t he  Time and Frequency D i v i s i o n  
o f  the Na t iona l  Bureau o f  Standards (NBS) added a 
t ime code t o  a continuous datd s t r e m  t ransmi t ted  
from the  Na t iona l  Oceanic and Atmospheric Adminis- 
t r a t i o n ' s  (N3AA's) Geostationary Operat ional  Envi- 
ronmental S a t e l l i t e  (GOES) s a t e l l i t e s .  The t ime 
code n o t  o n l y  contained the usual i n fo rma t ion  o f  
days, hours, minutes, seconds and a U T I  (as t ro -  
nomical t ime scale)  c o r r e c t i o n  bu t  added new 
in format ion.  That i n fo rma t ion  was inc luded t o  
p rov ide  the  user  the  c a p a b i l i t y  of computing the  
propagat ion delays between the master c l o c k  and 
h i s  l o c a t i o n  v i a  the  s a t e l l i t e .  That i n fo rma t ion  
was the t r a n s m i t t i n g  s a t e l l i t e ' s  c u r r e n t  p o s i t i o n  
i n  terms o f  i t ' s  s u b s a t e l l i t e  longi tude,  l a t i t u d e ,  
and h e i g h t  above the  surface of t h e  ear th .  

The combination of a s a t e l l i t e - d i s s e m i n a t e d  
t ime code and an e a s i l y  computed propagat ion delay 
had a l l  the elements of a g r e a t l y  advanced system 
f o r  t ime  d i s t r i b L t i o n .  
i t i e s  o f  t h i s  advanced t im ing  system and t o  accel -  
e r a t e  and encourage t h e  t rans fe r  o f  i t s  technology 
t o  users and indus t r y ,  NBS developed t h e  i n s t r u -  
mentat ion,  a decoder c lock ,  t o  recognize the t ime  
code, set, and c o n t r o l  ground based c locks.  T h i s  
i ns t rumen ta t i on  was f i r s t  embodied i n  mid 1974 as 
rand or^ l o g i c  c i r c u i t r y .  
sors l e d  NBS i n  1975 t o  rep lace the random l o g i c  

TO demonstrate the capab i l -  

The advent o f  microproces- 

deslgn w i t h  a 4004" microprocessor  y i e l d i n g  an i m -  
proved instrument which was complete ly  automatic. 

Today, t h i s  work has f o s t e r e d  the developEent 
of s i m i l a r  commercial inst ruments us ing 8080 and 
6800 microprocessors. These inst rumznrs a r e  now 
being used i n  t h e  e l e c t r i c  power i n d u s t r y ,  defense, 
geophysics, cmmun ica t i ons  and t h e  broadcast indus- 
t r y .  

The e v o l u t i o n  of t h e  s a t e l l i t e - c o n t r o l l e d  c l o c k  
i s  discussed i n  t h i s  paper and adds t o  the growing 
l i s t  o f  i l l u s t r a t i o n s  of microprocessors s i n p l i f y -  
i ng  what was once a compl icated i f  no t  impossible 
i ns t rumen ta t i on  problem. 

D e t a i l s  i n c l u d i n g  schematics, board l ayou ts ,  
f l owchar t s ,  and so f tware  o f  t he  actclal NBS d-signed 
instruments have been complete ly  docurented i n  the 
references and t h e r e f o r e  w i l l  no t  be discussed i n  
t h i s  paper. 

D e f i n i t i o n  o f  t he  1nstrumen:ation Problem 

A v a i l a b l e  from a r e c e i v e r  ( t h e  rece ive r  i s  n o t  
p a r t  o f  t he  i ns t rumen ta t i on  development t o  be de- 
sc r i bed  here) a r e  two ou tpu ts - -da ta  and data c lock .  
The data c o n s i s t s  o f  b i n a r y  "0's'' and " 1  ' 5 "  each 
IO ms i n  du ra t i on .  The data c l o c k  i s  a 100 Hz 
square wave w i t h  i t s  nega t i ve  going t r a n s i t i o n s  s i -  
multaneous w i t h  t h e  mid p o i n t  of d a t a . b i t s  (see 
f i g u r e  1).  
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FIGURE 1 .  INPUTS TO THE DECODER-CLOCK 

"Thz use of t r ade  names i s  necessary t o  spec i f y  t h e  
components; i t  does n o t  imply  endorsement by NBS. 

U.S. Covernnent uork n o t  pro tec ted  by U . S .  copyrigilt. 
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The data stream conta ins the t ime code which 
i s  t i r e  d i v i s i o n  mu l t i p lexed  w : t h  o t h e r  data. 
data stream con5 is t s  o f  r e p e ~ t e d  sequences of 
frames o f  f ou r  b i t s  represent ing a b i n a r y  coded 
decimal (BCD) word o f  t he  t ime code beginning on 
th2  one-hal f  second fo l lowed by d maximum leng th  
sequence (MLS) 15 b i t s  i n  l eng th  used f o r  message 
synch ron iza t i on  and ending wi th 31 b i t s  of data n o t  
r e l a t e d  t o  the  t ime code o r  frame synch ron iza t i on  
(see f i g u r e  2 ) .  

The 

F I G U R E  2. GOES DATA STREAM 

The data r a t e  i s  100 b/s  and i s  determined by 
atomic o s c i l l a t o r s .  Each message frame i s  one -ha l f  
second i n  l e n g t h  (50 b i t s ) .  The time-code frame, 
mad? up by ga the r ing  togcther  f o u r  b i t s  from each 
frame begins on the h a l f  minute as shown i n  f i g u r e  
3 .  

FIGURE 3. T IME-CODE FORMAT 

The t ine-code frame conta ins i t s  own synchron- 
i z a t i o n  word, a t i ne -o f - yea r  word, UTI c o r r e c t i o n ,  
and the s a t e l l i t e ' s  p o s i t i o n .  

4. Examine ten  consecut ive time-code words 
f o r  the time-code synchronizat ion word 
and de tec t  i t s  occurrence. 

5.  Set the I n t e r n a l  "date c lock"  w i t h  the  
received t ime-of -year  word, t he  l o c a t i o n  
o f  which was found i n  s tep 4. above. 

6. "Store" UTI and s a t e l l i t e  p o s i t i o n  data. 

7. Update the  data c l o c k  by count ing data-  
c l o c k  t r a n s i t i o n s ;  each count increment- 
i ng  the  date c l o c k  by IO ms. 

Compare t h e  date c l o c k  w i t h  subsequent 
t ime-of -year  messages received from the  
s a t e l l i t e .  

8 .  

9. D isp lay  decoded data and the  t ime o f  
year. 

10. Output a 1 pps e l e c t r i c a l  pu l se  and a 
s tandard t ime code such as I R I C - B .  

I n s t r u n e n t a t i o n  

Random Log ic  S o l u t i o n  

The above t e n  f u n c t i o n s  were f i r s t  r e a l i z e d  i n  
1974 u s i n g  e n t i r e l y  t r a n s i s t o r  t r a n s i s t o r  l o g i c  (TTL) 
random l o g i c .  F igu re  4 shows the instrument which 
conta ined n e a r l y  80 i n teg ra ted  c i r c u i t  packages. 
The u n i t  presented s i g n i f i c a n t  cost ,  power consump- 
t i o n ,  and r e l i a b i l i t y  problems t h a t  were undesi rab le 
and prompted NBS t o  look f o r  s imp le r  so lu t i ons .  

E 
5 

A decoder c lock ,  t o  be e f f e c t i v e ,  must perform, . 

FIGURE 4. RANDOM L O G I C  DECODER CLOCK 
as a minimum. t h e  f o l l o w i n g  func t i ons :  

1 .  Detect  t he  negat ive going t r a n s i t i o n s  of 
Th is  decoder c l o c k  a l s o  had no computational capa- 

b i l i t i e s .  NBS compensated f o r  t h i s  d e f i c i e n c y  by 
des ign ing a p l a s t i c  s l i d e  r u l e  t o  compute the propa- 
g a t i o n  delays. The s l i d e  r u l e ,  shown i n  f i g u r e  5 ,  
computed the  free-space d is tance,  r, i n  microseconds 
between t h e  ground and s a t e l l i t e .  The d is tance,  r, 
i n  microseconds i s  g i ven  by 

t h e  data c l o c k  and immediately sample the  
data t o  determine if i t  i s  a binar.y "0" 
o r  "I". 

2. Search 15 cdnsecutive b i t s  o f  data f o r  
t h e  t lLS synchronizat ion p a t t e r n  
(100010011010111). 

3 .  From the  end o f  t he  frame sync word, 
"count" 31 b i t s  t o  the beginning o f  a 
t ime-code word, e x t r a c t  four  b i t s ,  and 
s to re .  C 
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where C = 0.2997925 kmhs, 

h = a  

. b2 tan 0 = 7 t a n  C,  
a 

r i s  the  distance from the  e a r t h ' s  center t o  the sa t -  
e l  1 i t e ,  
a 

0 is  geocentric l a t i t ude ,  

Q i s  geodetic l a t i t ude ,  

b i s  the ea r th ' s  semiminor axis (6356.5838 k m ) ,  

a i s  the e a r t h ' s  semimajor axis (6378.2064 k m ) ,  

and  the subscripts r and s re fer  t o  the ea r th ' s  
surface and s a t e l l i t e  respectively. 

4 

F I G U R E  5. PROPAGATI0:I DELAY S L I D E  R U L E  

Four-bi t Microprocessor Solution 

I t  was fortuituous tha t  microprocessor- 3 were 
becoming available when NSS began looking fo r  a 
means of simplifying and improving the randcts- 
logic based decoder clock. 
instrument design using a 4004 microprocesscr and 

NBS accomplished a new 

integrating i t  with a s c i e n t i f i c  calculator chip t o  
per fom the  path delay calculations discussed pre- 
viously. T h i s  microprocessor-based i n s t r u r w t  i s  
sho.rn in figure 6. The u n i t ,  i n  addition t o  the ten 
basic functions mentioned, computed delays 'jetween 
t h 2  Tiijster clock and its location on the ear th ' s  
surface v i a  the s a t e l l i t e .  The block diagran i n  
f igure  7 i l l u s t r a t e s  the functions. Thumb wheel 
switches i n p u t  the use r ' s  longitude and la t i tude .  
The microprocessor and ca lcu la tor  c h i p  computes 
delays an3 compensates f o r  them by controlling a 
programable delay generator so the  1 p p s  output i s  
i n  synchronism with the NBS master clock Coordinated 
Universal Time (UTC)NBS. 

F I G U R E  6. SATELLITE-CONTROLLED CLOCK USING THE 
4004 MICROPROCESSOR 

USER'S 

512 kH2 

OISPLL? 1::s P R O i R A W W I S L t  
DELAY GEHtRATOR , - 2 5 2 4 2 / 9 1  t 

psICOND5 K!A' 1WS [TIL) 
UUCORRFCKC ' 
FW MLAY I 

1WS 
CORRLClEO 
FOR DfLAl 

FIGURE 7. BLOCK DIAGPJM OF 4004 DECODER CLOCK 

Commercial Clocks 

clock taken by NBS has recently led t o  two comnercial 
versions of the instruaient. One u n i t  i s  the "smart" 
clock shown i n  f igure  8 and uses a 8080 microproces- 
sor. 

The basic approach t o  the sa t e l l i t e - con t ro l l ed  

I t  s e l l s  f o r  a l i t t l e  over $4000 including a 
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- .  
* r e c e i v e r  and antenna. Another ve rs ion  uses a 6800 

Th is  c lock  and r e c -  
microprocessor  t o  o b t a i n  a l l  f u n c t i o n s  except auto- 
n ia t i c  p a t h  dg lay co r rec t i ons .  
e i v e r ,  shown i n  f i g u r e  9, s e l l s  f o r  approx imate ly  
$2000 depending upon opt ions.  

FIGURE 8. CO?.VI?ERC!AL “SMART“ CLOCK USING AN 8080 

DIGITAL CLOCK 
UTC SYNCHRONIZED 
VIA SATELLITE 
MODEL 468-DC 

FIGURE 9. COMNERCIAL CLOCK USING AN 6800 

NBS has been contacted by more than 18 manu- 
fac tu re rs  i n t e r e s t e d  i n  developing products  o f  a 
s i m i l a r  nature.  

Conclusions 

The c a p a b i l i t y  of t h e  microprocessor t o  sim- 
p l i f y  and add c a p a b i l i t i e s  t o  the  s a t e l l i t e -  
c o n t r o l l e d  c l o c k  was shown. The s a t e l l i t e -  
c o n t r o l l e d  c lock,  by v i r t u e  o f  u s i n g  s a t e l l i t e -  
t ransmi t ted  s i g n a l s  and being completely auto-  
m a t i c  by use of microprocessors, has made the  GOES 
t ime  d i ssemina t ion  system t h e  most v i a b l e  and ex- 
c i t i n g  new source f o r  synchronizat ion today. Th is  
i s  p a r t i c u l a r l y  t r u e  f o r  users w i t h  more than 
casual i n t e r e s t s .  Present ly ,  t he  GOES t ime  system 
i s  being considered f o r  use w i t h  European and 
Japanese s a t e l l i t e s .  A major reason f o r  i t s  accep- 
tance by o t h e r  c o u n t r i e s  has been i t s  automat ic  
recovery features m3de p o s s i b l e  by microprocessors. 
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